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Division of innovative labor, innovation networks, and regional performance 1
Innovation processes are increasingly characterized by a pronounced division of labor among actors, such as private firms and public institutions of education and research (Jones et al. 2008; Wuchty et al. 2007 ). This division of innovative labor has become an important topic of innovation research. A main focus of this research is on the networks of relationships among actors.
It is a basic conjecture of this type of research that embeddedness in networks and the structure of these networks leads to more highly effective innovation processes and higher levels of innovation. 2 The analysis of innovation networks plays a particularly prominent role in attempts to explain the performance of regions (Ejermo & Karlsson 2006; Fleming, King & Juda 2007) .
Although research on regional networks has produced many interesting results concerning network structures and the role of certain types of actors (for an overview, see Cantner & Graf 2011) , still little is known about the dynamic characteristics and development of network structures over time.
In fact, empirical studies on the stability of network structures and of the underlying relationships hardly exist. Many scholars claim that cooperative relationships between actors should be long lasting because the effort of establishing and maintaining a trusting relationship would be sunk if the link is abandoned (Gilsing & Nooteboom 2005; Ejermo & Karlsson 2006; Storper & 1 We are indebted to Holger Graf and Muhamed Kudic for helpful comments on an earlier version of this paper.
2 There are two main reasons why embeddedness in networks may have a positive effect on the performance of actors. First, interaction with others may be an important channel for transferring (tacit) knowledge (Owen-Smith & Powell 2004; Storper & Venables 2004) . Particularly, face-to-face contact promotes the development of personal trust that can be regarded as an important precondition for fruitful R&D cooperation. Second, the formation of links in R&D networks implies a process of screening and selection. Assuming that actors choose cooperation partners according to their abilities, actors included in a network have been positively evaluated. This positive selection of relatively able cooperation partners should have a positive effect on the probability of success (Granovetter 1995; Storper & Venables 2004; Wilhelmsson 2009 ). Barabási & Albert's (1999 well-known model of network development. 3 Quite remarkably, some researchers even exclude unstable relationships from their empirical analysis because they regard them as outliers (e.g., Balland et al. 2013 ).
Venables 2004). Stability of network ties is a key assumption of
This paper seeks to shed some light on the dynamics of innovation
networks. We describe and analyze the disappearance of actors and links, as well as the emergence of new actors and links, and the consequences for network structure and performance. Our data is patent information on coinventorship for nine German regions over a time span of 15 years. The starting point of our analyses are hypotheses about the stability of cooperative relationships in R&D. Testing the assumption of stable network relationships with these data we find a surprisingly high level of instability.
Our analysis shows that inventors that appear to be well embedded within a network in one period are unlikely to re-occur in the following (three year)
period. As a result, links between nodes of the networks tend to be highly unstable. Hence, in contrast to a widespread assumption, regional innovation networks are characterized by a rather high level of fluidity with quickly changing relationships between actors over time. However, we find that when we relate the measures of actor fluidity to the structure of a network, these structures remain rather stable. There are both significantly positive and negative relationships between the micro-level fluidity of actors and links with the performance of the respective regional innovation system (RIS) in terms of patent productivity. Based on these results we draw conclusions for theory and for further research.
In what follows, we first review the reasons offered for the stability of R&D cooperation and implications for network development (Section 2).
Section 3 introduces the spatial framework, data, indicators and modelling of our analysis, followed by a brief overview on the development of networks over time (Section 4). We then describe the magnitude of the fluidity phenomenon and perform micro-level analyses in order to identify determinants of the reoccurrence of actors in subsequent time periods (Section 5). Section 6 analyzes the relationship between micro-level fluidity and the macro structure, as well as the performance of the specific networks we exam. Finally, we discuss the results and draw conclusions for theory and further research (Section 7).
The nature and the stability of cooperative Research and Development
Cooperation in Research and Development (R&D) is characterized by considerable levels of uncertainty and asymmetric information. The uncertainty follows from the very nature of R&D as a discovery procedure.
Since the result of this discovery procedure is unknown ex ante, it cannot be completely specified in an R&D contract, leaving room for opportunistic behavior of cooperation partners. Asymmetric information arises when there is incomplete knowledge about the abilities and future behavior of a potential cooperation partner. Because R&D involves asymmetric information and the danger of opportunistic behavior by a cooperation partner, successful cooperation requires trust (Gilsing & Noteboom 2005; Noteboom 2002 ).
Another reason why trust is a critical component of any cooperative R&D effort is the considerable transfer of information and knowledge between partners that may be regarded sensitive. When engaging in cooperative R&D, actors need to trust that their partners will not use this information in an undesirable way. The development of trust between actors is often based on past experiences of frequent and intensive collaborations and an actor's reputation (Gilsing & Nooteboom 2005; Tomkins 2001 ).
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The R&D problems of uncertainty and asymmetric information are reflected in the transaction costs of establishing a cooperative relationship.
There are costs involved in identifying a suitable cooperation partner, in negotiating the terms of the cooperation and in establishing a well-working and trust-based relationship that may require frequent face-to-face contacts (Ejermo & Karlsson 2006; Storper & Venables 2004; Gilsing & Nooteboom 2005 The model of Barabási & Albert (1999) assumes that network relationships are stable over time so that all actors that are part of a network at a certain point in time remain in the network in subsequent periods. Based on this stability assumption, Barabási & Albert investigate a certain mode of tie formation, "preferential attachment". According to the preferential attachment mode of tie formation, new actors are especially attracted to and try to link with already well embedded actors. Barabási & Albert (1999) run simulations of network dynamics based on the preferential attachment mode.
The resulting networks show properties such as a scale-free or fat-tailed degree distribution 4 that fit quite well with the characteristics of large and heterogeneous real world networks (Powell et al. 2005) . They then examine the structural robustness of the simulated networks if network actors are randomly omitted. Barabási & Albert (1999 use the average length of the shortest path between any two nodes in the network as the indicator for the robustness of a network. They argue that this measure can be regarded as an indicator for the ease of transferring information and knowledge within a network. The smaller the length of the average shortest path, the lower the frictions created when there is an exchange between actors, and the better the interconnectivity of a network. Based on their simulations, Barabási & Albert (1999 conclude that the disappearance of actors has a rather minor effect on average path length. Their results suggest that large scalefree networks (Powell et al. 2005 ) are highly robust against randomly removed nodes.
The high level of macro-level stability of networks found by Barabási & Albert (1999 in their simulations, despite the disruption of randomly Following Albert, Jeong & Barabási (2000) , the performance of large scalefree networks is highly stable with regard to fluctuations of actors and links for two reasons. First, since most actors in such type of network have only a few links (Albert, Jeong & Barabási 2000) , the probability that a randomly removed actor has a central position in the network is rather low. Second, assuming that new actors tend to gravitate to well-embedded actors ('preferential attachment') there is a high probability that these new actors are at least as well connected in the network as the discontinued actors. Based on these considerations we expect: Magdeburg and Kassel are larger urban areas, but they can hardly be considered as densely populated (see Table A1 ). Each region hosts at least one university. Data on the regional number of employees in R&D are from the Establishment History File of the Institute for Employment Research (IAB, Nuremberg). Figure 1 shows the location of the nine case-study regions.
Indicators
The following measures are used to investigate the fluctuation of actors at the micro-level. The dependent variable is the presence of an actor in the network, i.e., if he or she has contributed to a patent in a previous period.
This variable has the value 1 if the actor was present in any previous period and it is 0 otherwise. We measure the amount of an actor's innovative output by the number of patents filed in a certain period that mention him or her as an inventor. The intensity of an actor's involvement in a network is measured by three variables:
• the number of links that an actor maintains with other actors in the network during a certain period of time (degree);
• the presence of an actor in the largest component (1 = yes; 0 = no);
• being an isolate (degree = 0) with no links to other actors.
Characteristics of a network are measured by variables, such as the mean degree, the share of the largest component, the share of isolates, the overall clustering coefficient, and the patent productivity. The mean degree is the average number of links an actor maintains, constituting a precondition of knowledge and information transfers (Jackson 2008) . Average path length is defined as the average shortest path between two nodes within a network (Albert et al. 2000; Wassermann & Faust 2007) . Patent productivity is the number of patents per R&D employee, and describes the performance of a network. The higher the level of patent productivity the better the performance, in terms of generating new ideas (Fritsch & Slavtchev 2011) . Table A2 in the Appendix provides descriptive statistics for the variables and Table A3 displays the correlations between variables.
The distribution of the number of patents per actor is highly skewed ( Figure 
The development of the regional networks over time
The nine regional inventor networks we exam show quite diverse characteristics with regard to the numbers of patents, actors, ties, and components. All regions, except Halle and Aachen, show steady growth in the numbers of actors (network size) and ties (Table A4) . In all regions, the number of components increases over the period of analysis. Except for
Halle, all regions exhibit a total increase in the mean degree, indicating increasing interconnectedness of regional actors (Table A5 ). The number of patents varies slightly over time but does not exhibit any clear trend. It reaches its maximum in the 1997-99 period, followed by a decrease in the following two period, and an increase in the final period (Table A6 ).
The share of co-patents increases over the observation period, accounting for about 90 percent in the final sub-period. We also find a growing number of inventors per patent (Table A6 ). These developments of the mean degree and the increasing importance of R&D collaborations are in line with overall trends reported in the literature (e.g., Jones et al. 2008; Wuchty et al. 2007 ) and indicate an increasing importance of research collaboration. The steady growth of nearly all networks, together with an increasing mean degree over time, is consistent with Barabási & Albert's (1999) preferential attachment hypothesis claiming that new actors are more likely to link with relatively well-embedded actors.
Due to the increasing mean degree of the networks over time, one might also expect a decrease of average path length. We find, however, that the average path length increases in most of the networks (Table A5 ). The increasing path length can be explained by an exponential increase in the number of potential cooperation partners created by the growing number of actors, a higher share of actors in the largest component of a network and a larger average component size. 8 An additional explanation could be that the growing number of components (Table A4) may also indicate greater variety of knowledge fields within a region. As a consequence of the rather pronounced effects of changes in the number of actors on average path length, we refrain from using average path length as an indicator for network performance, in contrast to Albert, Jeong & Barabási (2000) .
Fluidity of actors at the micro level

General observations
This section analyzes the fluidity of actors at the micro level over time. What determines the re-emergence of actors in a subsequent time period, and how do actor's positions within a network change over time?
In contrast to the widespread assumption that actors and ties in networks are rather persistent (Section 2), our data shows a rather high level of actor turnover. We find that more than 78 percent of all actors are present only in one observation period, 14.51 percent are active in two periods and only about 7 percent appear in networks for more than two periods (Figure 2 ).
On average, 32.34 percent of the actors that are active in a network are carryovers from the previous period. Hence, at least 60 percent of the 8 Isolates are not included in the calculation of the average component size. Table 1 shows rank correlations between the shares of discontinued and newly occurring actors and links. Looking at the statistical relationships between the different measures for the fluidity of actors we find a remarkably strong relationship between the share of discontinued actors and the share of new actors indicating that the number of exits from the network is more or less completely substituted by about the same number of newcomers. As to occur first as an isolate. These shares closely correspond to the overall shares of co-patents or isolates respectively (Table A6 ). The largest components of the networks grow over time (see Table A5 ) as they have a larger inflow of new actors as compared to the loss due to discontinued actors. With regard to the isolates, we can see the opposite development, i.e., there are more discontinued than new actors. For the other components (excluding the 
What determines the reoccurrence of actors?
We estimate several multivariate models in order to assess the probability of an actor reoccurring in a network. The dependent variable is 1 if an inventor is included in the network in the period 2006-08 and it is 0 otherwise. The independent variables are the presence of an actor in a previous period (yes = 1, no = 0), if the actor has been part of the largest component in a previous period (yes = 1, no = 0), the number of patents held by an actor, and the number of an actor's links (degree) ( Table 2) . 11 We present a separate model for each variable because of some quite significant correlations between these variables (see Table A3 in the Appendix). All models include dummy variables for the regions that are always highly significant.
The marginal effect of having been present in the previous period (t-1) on reoccurrence in the present period is 26.4 percent. Not surprisingly, the estimated coefficients for periods t-2, t-3 and t-4 clearly indicate that this effect decreases with the time distance. The effect of the position of an actor 11 For the coefficients, see Table A6 in the Appendix. Notes: All models include dummy variables for regions that are statistically significant at the 1% level (the reference region is Siegen). Robust standard errors in parentheses. ***: statistically significant at the 1% level; **: statistically significant at the 5% level; *: statistically significant at the 10% level.
in the largest component in one of the previous periods does not differ much from that of an actor's previous presence. The number of patents held by an actor in a sub-period also has a highly significant effect on the probability of continuing in the final sub-period. However, the marginal effect for the number of patents in period t-1 on reoccurrence of an actor in the present period is only 6.52 percent, whereas the remaining sub-periods exhibit only a rather small effect of less than 1 percent. An actor's number of links (degree) in a previous period also has a positive effect on his probability of being present in a subsequent period. This result suggests that comparatively well connected inventors tend to be active over a longer time span and, thus, have a higher probability of being involved in future projects. The marginal effect of this variable for all sub-periods is, however, less than 1 percent, and decreases with the time distance. Thus, an actor's embeddedness must not be a major factor in explaining his or her or reemergence in a later period.
These surprising results for an actor's number of patents and an actor's degree are in accordance with the observation that slightly less that 40 percent of the inventors generate two or more patents (see Figure A1 in the Appendix), and that about half of all actors do not have more than three links ( Figure A2 in the Appendix).
Putting all the results of the empirical models together, we can conclude that the pure presence of an actor and his position in the largest component of a network are more important for reoccurrence in a subsequent period than a high individual performance as represented by the individual's degree and the absolute number of patents. Having been part of the largest component in t-1 has the strongest impact on the reoccurrence of a node in the final sub-period. The number of an actor's patents as well as his or her number of links has only a minor impact on subsequent network presence.
The effect of fluidity on network structure and performance
The previous section showed that networks are characterized by a high level of actor fluidity at the micro-level. This raises the question about the relationship between micro-level fluidity of a network and its macro structure.
According to our Hypothesis II the macro structure of a network should be unaffected by the fluctuation of actors. To investigate the effect of actor fluctuation on network structure we run fixed effects regressions with three fluidity measures as independent variables: the share of discontinued actors from period t-1, the share of new actors, and the net change in the number of actors. Table 3 shows the results for the dependent variables share of the largest component, share of isolates, and mean degree. We find that the share of discontinued actors from the previous period is significantly related to a smaller share of actors in the largest component and a higher share of isolates. The mean degree seems to be, however, 12 See Tables A8 and A9 for Notes: Fixed-effects panel regressions. Robust standard errors in parentheses. ***: statistically significant at the 1 % level; **: statistically significant at the 5 % level; *: statistically significant at the 10% level. The number of observations is 36 in all models (nine regions).
base year. This variable should have a negative sign for two reasons. First, regions with an already relatively high level of patent productivity may have lower potentials for improvements than regions that are characterized by a comparatively low performance. Second, the level of patent productivity in the base year controls for a regression to the mean effect. This denotes the phenomenon that periods of relatively large changes into one direction may be followed by periods where the changes are relatively small or even in the opposite direction. Generally, the relationship between the indicators for the fluidity of actors and our measures of network performance are highly statistically significant (Table 4 ). The significantly positive signs of the estimated coefficient for both, the share of discontinued actors and the share of new actors, suggests that replacement of 'old' actors by new ones may be conducive for the performance of the respective regional innovation system.
We find, however, a significantly negative relationship between patent productivity and the net change of the number of actors. This result could be caused by the trend towards an increasing number of inventors per patent (see Table A6 in the Appendix), so that the number of inventors grows stronger than the number of patents.
There are also highly significant relationships between the fluidity of links and network performance, but the directions of the effects are quite different from the estimations for fluidity of actors (Table 5 (Table 4) .
Discussion: What does this mean and what do we need to know?
We investigated the stability of cooperative relationships within regional inventor networks, focusing our analysis on the effect of the fluidity of actors and their links for the structural stability of networks and the performance of the respective regional innovation system. The analysis was performed for nine German planning regions over a period of 15 years (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) Barabási & Albert (1999 model. We find that the pure presence of an actor and an actor's position in the largest component have a higher impact on the probability of his or her reemergence in a subsequent period than an inventors' performance in terms of the number of patents or links.
Our analyses show some statistically significant relationships between fluidity at the micro-level and stability of network structure. Higher fluidity of actors leads to more fragmentation, as indicated by a lower share of the largest component and a higher share of isolates. However, there is no statistically significant relationship with the mean degree and other conventional measures of network structure. This result suggests that abandoned ties due to actors leaving the network are, more or less, completely replaced by newly established relationships. We found pronounced statistically significant relationships between the fluidity of actors and patent productivity as a measure for the performance of the respective regional innovation system. This result suggests that the termination of cooperative relationships due to fluidity of actors is not generally harmful for regional innovation activities. However, the net change in the number of actors is negatively related to the performance of the respective regional innovation system. In contrast, an increase in the number of links among actors is positively related to network performance. This is consistent with the notion that the intensity of knowledge transfer and division of innovative labor are important determinants of the performance of regional innovation systems (Fritsch & Slavtchev 2011) .
We conclude from our analysis that the efficiency of a RIS does not depend on actors remaining in an innovation network for long periods of time.
On the contrary, since dynamic innovation processes require a permanent and on the structure of the network. Hence, the effect of a well-connected member belonging to the largest component of a network should be much more significant than that of an isolate or of someone in a small component.
Moreover, the structure of the network should play a role here. Does a larger and denser network lead to higher robustness against missing nodes?
A principal shortcoming of our analysis may follow from the fact that our data, drawn from patent statistics, covers only a certain aspect of innovation activities, i.e., research that leads to a patent application. Actors may pursue other types of collaborative innovation that do not lead to a patent application, e.g., basic research, that are not recorded in patent data.
Hence, it could well be that data sources with a more comprehensive coverage of innovation activity would show higher levels of long-lasting R&D cooperation. Notes: Coefficients; robust standard errors in parentheses. ***: statistically significant at the 1 % level; **: statistically significant at the 5 % level; *: statistically significant at the 10 % level. Table A9 : Rank correlations between measures of fluidity, network structure and network performance Notes: Spearman rank correlation coefficients. ***: statistically significant at the 1 % level; **: statistically significant at the 5 % level; *: statistically significant at the 10 % level.
